Macrophage foam cells are integral in the development of atherosclerotic lesions. Gene expression analysis of lesional macrophage foam cells is complicated by the cellular heterogeneity of atherosclerotic plaque and the presence of lesions of various degrees of severity. To overcome these limitations, we tested the ability of laser capture microdissection (LCM) and real-time quantitative reverse transcription PCR to selectively analyze RNA from lesional macrophages of apolipoprotein E (apoE)-deficient mice. Proximal aortic tissue sections were immunostained for macrophagespecific CD68͞macrosialin by a rapid (Ϸ15-min) protocol. Alternating sections from each animal were used to isolate RNA either from entire sections (analogous to isolation from whole tissue) or by LCM selection of CD68-positive cells. We measured the mRNA levels of CD68, a macrophage-specific marker, ␣-actin, a smooth muscle cell marker, and cyclophilin A, a control gene. Compared with whole sections, CD68 mRNA levels were greatly enriched (33.6-fold) in the laser-captured lesional macrophages. In contrast to whole sections, LCM-derived RNA had undetectable levels of ␣-actin. To illustrate the ability of this method to measure changes in lesional macrophage gene expression, we injected 100 g of lipopolysaccharide i.p. into apoE-deficient mice and detected in laser-captured lesional macrophages increased mRNA expression for vascular cell adhesion molecule-1, intercellular cell adhesion molecule-1, and monocyte chemoattractant protein-1 (11.9-, 32.5-, and 31.0-fold, respectively). By selectively enriching foam cell RNA, LCM provides a powerful approach to study the in situ expression and regulation of atherosclerosis-related genes. This approach will allow the study of macrophage gene expression under various conditions of plaque formation, regression, and response to genetic and environmental perturbations. M onocyte-derived macrophage foam cells are essential contributors to the development of atherosclerosis (1). At all stages of human disease-from early ''fatty streaks'' to more ''advanced plaques''-macrophages are a major cellular component of atherosclerotic lesions. Circulating monocytes adhere to activated endothelium and transmigrate into the intima, where they proliferate, differentiate, and accumulate lipoproteins, leading to their characteristic ''foam cell'' phenotype (2, 3). Foam cells contribute to the growth and vulnerability of the plaque by secreting numerous growth factors, cytokines, and matrix-degrading metalloproteinases, and by interacting with surrounding endothelium, lymphocytes (4), and smooth muscle cells (SMC; refs. 5 and 6).
M
onocyte-derived macrophage foam cells are essential contributors to the development of atherosclerosis (1) . At all stages of human disease-from early ''fatty streaks'' to more ''advanced plaques''-macrophages are a major cellular component of atherosclerotic lesions. Circulating monocytes adhere to activated endothelium and transmigrate into the intima, where they proliferate, differentiate, and accumulate lipoproteins, leading to their characteristic ''foam cell'' phenotype (2, 3) . Foam cells contribute to the growth and vulnerability of the plaque by secreting numerous growth factors, cytokines, and matrix-degrading metalloproteinases, and by interacting with surrounding endothelium, lymphocytes (4) , and smooth muscle cells (SMC; refs. 5 and 6) .
A better understanding of changes in foam-cell-associated gene expression in lesion progression and regression has become an important goal for designing potential therapies and interventions (7, 8) . To this end, efforts have normally been directed to cultured macrophage cell lines (9, 10) or elicited peritoneal monocyte͞macrophages (11, 12) loaded with cholesterol-rich lipoproteins. However, the genetic information derived from cultured cells may not accurately reflect the molecular events taking place in the actual lesion milieu. On the other hand, the study of macrophage foam cell gene expression in the aorta is hampered by the cellular heterogeneity of arterial tissue, which also includes lymphocytes, SMC, endothelial cells, and adventitial fibroblasts. Furthermore, analysis of macrophage gene expression in lesions of different sizes or in different regions of a given lesion are not possible with homogenized arterial samples.
To overcome these technical obstacles, we report the use of laser capture microdissection (LCM) (13, 14) navigated by cellular expression of a cell-specific marker, CD68͞macrosialin scavenger receptor (15) . Lesional macrophages from apolipoprotein E (apoE)-deficient mice (16, 17) were thereby procured and used as a source of RNA for quantifying specific gene transcripts by real-time reverse transcription (RT)-PCR. To validate the use of these methods to detect in vivo transcriptional regulation in a specific population of macrophage foam cells, we also measured changes in the expression of genes encoding proatherogenic factors after stimulation by the bacterial endotoxin lipopolysaccharide (LPS).
Methods
Animals and Tissue Processing. Animals were housed in the Center for Laboratory Animal Science and procedures were approved by the Institutional Animal Use and Care Committee. ApoE Ϫ/Ϫ on the C57BL͞6J background mice (The Jackson Laboratory) were fed a standard chow diet for either 20 or 25 weeks. All reagents were maintained under RNase-free sterile conditions with, in some cases, additional use of RNase Inhibitors (SUPERaseIn, Ambion, Austin, TX). Mice were killed by exsanguination by intravascular perfusion with PBS under general anesthesia (isoflurane, Baxter, Deerfield, IL). The portion of the heart containing the proximal aorta (aortic root) was excised, embedded in OCT compound (VWR Scientific), frozen on dry ice, and the tissue blocks were stored at Ϫ80°C as described (18) . Frozen sections were cut at 6-m thickness and mounted on positively charged slides (Color Frost Plus; Fisher Scientific). For the group of mice studied at 25 weeks, two mice were administered an i.p. injection of the bacterial endotoxin LPS (100 g; Sigma catalog no. L-6636) and two mice were injected with vehicle only. Four hours after treatment, the proximal aortas were processed for each mouse separately as described above.
Immunohistochemistry and Morphometry. Standard immunohistochemical staining protocols usually require prolonged incubation periods in aqueous media, which result in significant degradation of RNA. To overcome this limitation, a modified rapid immunostaining protocol that does not significantly affect RNA Abbreviations: LCM, laser capture microdissection; SMC, smooth muscle cells; apoE, apolipoprotein E; LPS, lipopolysaccharide; VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intercellular cell adhesion molecule-1; MCP-1, monocyte chemoattractant protein-1; RT, reverse transcription. ‡ To whom reprint requests should be addressed. E-mail: edward.fisher@mssm.edu.
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yields was developed for a macrophage-specific marker (Ͻ12% reduction of total RNA in immunostained versus nonimmunostained whole tissue sections) (19) . Frozen proximal aortic sections were fixed in 70% ethanol for 15 s followed by cold acetone for 5 min. The slides were washed in PBS, and incubated with rat anti-mouse CD68͞macrosialin IgG (Serotec, 1:10 dilution) for 1 min, washed in PBS, and exposed to biotinylated rabbit-anti-rat IgG mouse-adsorbed secondary antibody (Vector Laboratories, 20 g/ml). The slides were washed in PBS, incubated with Vectastain ABC alkaline phosphatase enzyme complex, and the staining was detected with the Vector Red chromogenic substrate (Vector Laboratories). Sections were counterstained with Harris modified hematoxylin (Fisher Scientific) and the CD68-immunostain-positive areas were quantified by computer-aided morphometric analysis (IMAGE PRO PLUS 3.0 software; Media Cybernetics, Silver Spring, MD) performed on digitized microscopic images.
LCM and RNA Extraction. Sections were subsequently dehydrated in graded ethanol solutions (95% twice, 5 min, 100% three times, 5 min) and cleared in xylene (three times, 5 min). After air-drying for 30 min, laser capture was performed under direct microscopic visualization on the CD68-positive stained areas by melting of selected regions onto a thermoplastic film mounted on optically transparent LCM caps (Arcturus Engineering, Mountain View, CA). The PixCell II LCM System (Arcturus Engineering) was set to the following parameters: 15-m laser spot size, 40-mW power, 3.0-ms duration. The thermoplastic film containing the microdissected cells was incubated with 200 l of 4 M guanidinium isothiocyanate and 1.6 l of 2-mercaptoethanol for Ϸ10 min on ice. The transfer film was examined under the microscope to ensure complete cell lysis. Total RNA was extracted by the phenol-chloroform-based method (MicroRNA Isolation Kit, Stratagene) per the manufacturer's instructions with some minor modifications (protocol outlined in http:͞͞ dir.nichd.nih.gov͞lcm͞Protocol.htm). RNA was precipitated with sodium acetate aided by 1 l of glycogen carrier (GlycoBlue, Ambion; 10 g/l). To eliminate potential genomic DNA contamination, RNA samples were treated with DNase (4U; DNA-free, Ambion) in the presence of RNase inhibitor (RnaseOut, Invitrogen Life Technologies) at 37°C for 1 h. RNA concentration was measured by a sensitive nucleic-acid dye binding assay (Ribogreen, Molecular Probes, Eugene, OR) according to manufacturer's instructions. The integrity of the LCM-derived RNA was assessed by RT-PCR and subsequent PCR with oligo(dT) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) primers, respectively, yielding a 450-bp amplicon (data not shown). Because the amplified region was 642 bp upstream of the polyadenylation signal, it can be inferred that at least 52% of the total length of GAPDH transcript (1.228 kb) remained intact. Such a size of intact RNA transcripts is similar to that achieved for construction of highly representative cDNA libraries (20) .
Analysis of Gene Expression by Real-Time Quantitative RT-PCR.
For measurement of the degree of macrophage selection and enrichment achieved by LCM, real-time quantitative RT-PCR (ABI Prism 7700 Sequence Detection System, Applied Biosystems, Foster City, CA) was used to determine the mRNA levels of CD68, a macrophage-specific marker, ␣-actin, a SMC marker, and cyclophilin A, a standard control gene (21) , in total RNA samples extracted either from laser-captured lesional macrophages or from alternating whole sections (analogous to isolation from whole tissue). To generate the standard curves for CD68 and ␣-actin, total RNA was prepared from thioglycollate-elicited i.p. macrophages (22) and cultured primary aortic SMC (23), respectively, as described.
To test whether RNA derived by LCM of macrophage foam cells can be used to quantitatively assess the transcriptional regulation of target genes implicated in atherosclerosis, lasercaptured lesional macrophage RNA from proximal aortas of control and LPS-stimulated apoE-deficient mice was used to measure the levels of the following genes: vascular cell adhesion molecule-1 (VCAM-1), intercellular adhesion molecule-1 (ICAM-1), and monocyte chemoattractant protein-1 (MCP-1). Detection of amplification is contingent on the specific hybridization of the fluorogenic probe and the flanking forward and reverse primers. The probe, labeled at the 5Ј and 3Ј ends with 6-carboxyfluorescein (6-FAM) reporter and 6-carboxytetramethylrhodamine (TAMRA) quencher, respectively, is hydrolyzed by the 5Ј exonuclease activity of Taq DNA polymerase, causing an increase in fluorescent signal that is measured in ''real time'' after each cycle of PCR amplification. Fluorescence thresholds were set to 10 standard deviations above baseline fluorescence. Standard curves were constructed by plotting log 10 RNA starting quantity versus cycle threshold (Fig. 2 A) . On the basis of appropriate serially diluted standard RNA, the amount of input standard RNA yielding the same amount of PCR product measured from an unknown sample was calculated. Measured RNA levels were normalized to cyclophilin A and expressed as a ratio of CD68͞cyclophilin A. The primer pair͞ probe sequences for each of the specific RNA transcripts assayed are listed in Table 1 .
RT-PCR and subsequent PCR were both carried out in a single sealed optical tube using gene-specific primers and fluorogenic probes. Two microliters of sample (100 pg) and appropriate standard RNA (10 ng to 1 pg) were added separately into 23 l of reaction mix containing 1ϫ first strand buffer (50 mM Tris⅐HCl, pH 8. Statistical Analysis. The data are expressed as a ratio of the quantity of specific transcripts to the quantity of the control gene cyclophilin A in mean arbitrary units. In some cases, as indicated in Results, data were analyzed by an unpaired, two-tailed Student's t test with statistical significance attributed to P Ͻ 0.05.
Results

Laser Capture of CD68-Immunopositive Macrophage Foam Cells from
Atherosclerotic Lesions. To aid in the identification of foam cells for laser capture, aortic sections were immunostained for the CD68͞macrosialin antigen (Fig. 1) . LCM was performed on 30 proximal aortic sections from each apoE-deficient mouse in regions immunostained positive for CD68͞macrosialin and with morphologically identifiable cells having the characteristic ''foamy'' appearance. Approximately 300 laser pulses were performed on each section with a 15-m laser diameter (equivalent to Ϸ9,000 laser pulses per proximal aorta per animal). RNA extraction of the laser-captured material yielded 3.52 Ϯ 0.18 ng of total RNA per animal (mean Ϯ SD).
LCM Enriches RNA from Lesional Macrophage Foam Cells As Assessed
By Real-Time Quantitative RT-PCR. For the different gene transcripts measured, the quantitative RT-PCR assay was highly reproducible (median intra-assay coefficients of variation, based on Ͼ20 samples run in duplicate, ranged between 2.4% and 7.7%) and highly sensitive (10 pg of starting total RNA resulted in detectable product formation). In Fig. 2A , representative standard curve plots for CD68 (upper line) and ␣-actin (lower line) are shown. For all of the genes measured, a linear relationship between the log of the initial mass input RNA (pg) and the threshold cycle held true over a range of five orders of magnitude variation in the starting RNA mass (for all experiments, the correlation coefficients were between 0.980 and 0.999). RT-PCR products from the serially diluted standards and samples were analyzed by gel electrophoresis to confirm the presence of the specific amplicon. In Fig. 2B , representative RT-PCR amplicons of CD68 and ␣-actin are shown, which demonstrate the specificity of the primers and the increasing yield of product with greater amounts of starting sample.
To show that LCM enriches macrophage-specific transcripts, RNA was extracted either from whole sections (analogous to homogenized tissue) or from LCM-derived CD68 immunopositive macrophage foam cells. Real-time quantitative RT-PCR for CD68 was performed on equivalent amounts of RNA (100 pg), and the results were normalized to the control gene, cyclophilin A. There was no significant difference in cyclophilin A mRNA levels between the two sample types, demonstrating equal RNA loading and comparable RNA quality (relative levels in LCM-derived and whole-section RNA were 11,518 Ϯ 2,061 and 12,231 Ϯ 1,821 units per 100 pg of total RNA, respectively, P ϭ not significant). In contrast, as shown in Fig. 3A , compared with RNA derived from whole aortic sections, the ratio of CD68 to cyclophilin mRNA levels in the LCM-derived material was significantly greater [mean (range): 0.036 (0.035-0.037) vs. 0.0011 (0.00096-0.0014)]. In other words, the LCM-derived RNA was significantly enriched in the mRNA for the macro- The probes are labeled at the 5Ј and 3Ј positions with 6-carboxyfluorescein reporter and a 6-carboxytetramethylrhodamine quencher, respectively. The positions of the primers and probes are annotated according to the sequences derived from GenBank (accession numbers given in parenthesis). Fwd, forward; Rev, reverse. 
Discussion
We demonstrate that LCM can be used to selectively isolate lesional macrophage foam cell RNA. We show that this RNA is enriched Ϸ30-fold for a macrophage-specific marker, CD68, with undetectable contamination by SMC RNA. We also show in laser-captured lesional macrophages that VCAM, ICAM, and MCP-1 were up-regulated after in vivo treatment with LPS.
Macrophage foam cell accumulation in the subendothelial space is a critical event in the development of atherosclerotic lesions. Several studies have provided evidence that macrophages play roles both in early atherogenesis as well as in late lesional events (1, 25) . Foam cells secrete cytokines, growth factors, pro-oxidants, and matrix-degrading metallo-proteases that are thought to contribute to plaque instability and acute thrombotic events (2, 26) . The ability to accurately quantify gene expression during changes in the vessel wall is necessary to better define the temporal, spatial, and dynamic regulation of such genes and their role in atherosclerosis. However, differentially expressed transcripts may not be detected in homogenized tissue because of a dilution effect from RNA from other cell types. Similarly, the conditions of cultured cells cannot duplicate the environment of the cells in the actual tissue from which they were derived, because the cells are not in contact with the in vivo factors that regulate gene expression (e.g., soluble factors, extracellular matrix molecules, and cell-cell communication). Toward this goal, we show that sufficient amounts of RNA could be extracted from laser-captured foam cells We also demonstrated that these methods can be applied to the study of regulated gene expression. By real-time quantitative RT-PCR, the transcriptional induction of VCAM-1, ICAM-1, or MCP-1 in lesional macrophage RNA procured from LPSstimulated apoE-deficient mice was easily demonstrated (Fig. 3) . These three genes were chosen for study because their products are implicated in atherogenesis, as reflected by being upregulated in human coronary plaque (27) (28) (29) and in lesions of animal models of atherosclerosis (18, 30, 31) . More direct support for causative roles has come from recent mouse studies. For example, the proatherogenic effect of VCAM-1 has been demonstrated by the decreased lesion size in low density lipoprotein receptor-deficient mice containing a targeted deletion of the VCAM-1 gene (32) . Similarly, ICAM-1 deficiency reduced atherosclerosis in both diet-induced (33) and apoE-deficient animals (34) . The importance of MCP-1 has been demonstrated by a decrease in atherosclerosis in mice that lack either MCP-1 (35) or its receptor, CCR2 (25) . In peritoneal macrophages, LPS has been previously shown to induce MCP-1 mRNA [up to 40-fold, measured 4 h after treatment, in good agreement with our results (36) ] and ICAM-1 protein (37). Although VCAM-1 is expressed by macrophages in mouse atherosclerotic lesions (38, 39) , the induction of VCAM-1 by LPS has been examined only in endothelial cells (40) . Our data, therefore, establish that VCAM-1 is also responsive in macrophage foam cells.
Recent findings by Lehr et al. (41) have shown that repeated LPS injections in rabbits on a hypercholesterolemic diet caused increased atherosclerosis. The authors speculated that this reflected a link between the innate immune response and accelerated atherosclerosis. Our data suggest that the increase in atherosclerosis observed by Lehr et al. might actually be caused by the up-regulation of inflammatory and cell adhesion molecules expressed by macrophage foam cells in atherosclerotic lesions. LPS binds to cell surface receptors (CD14͞Toll-like receptors) and exerts its downstream effects, in part, by nuclear factor (NF)-B activation (42, 43) . The presence of NF-B consensus DNA-binding sites in the 5Ј flanking regions of VCAM-1 (44), ICAM-1 (45), and MCP-1 (46) suggests a shared means of regulation that is consistent with the concurrent up-regulation of all three genes by LPS.
As valuable as it is to quantify the expression of candidate genes in specific cell types by LCM͞real-time quantitative RT-PCR, a remaining advance is to adapt these methods to a more global analysis, such as DNA microarrays. Recent studies related to foam cell formation and atherosclerosis have indeed taken a microarray approach, but have used either homogenized tissue (47) or cultured lipid-loaded macrophage cell lines (10) . Although it is clear that LCM can be used to procure cell-specific RNA, it is limited by the amount of RNA that can be realistically obtained from captured populations of cells, making it likely that the yield will be insufficient for the commonly used gene array platforms. To overcome this obstacle, linear amplification methods have been devised to increase the yield of RNA without distorting the relative differences in transcripts (48, 49) . Recently, several studies reported the use of laser-captured RNA that was linearly amplified before microarray analysis (50, 51) , and it should be possible to translate these successes in other systems to the study of gene expression in lesional macrophage foam cells.
In conclusion, the present study demonstrates that by selectively obtaining cells from atherosclerotic lesions by LCM, dramatic enrichment in macrophage foam cell-specific mRNA is achieved. These methods make possible the quantitative analysis of basal and induced gene expression in specific cells in atherosclerotic lesions and add a powerful dimension to the study of factors that regulate plaque progression and regression.
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